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CRITICAL REVIEWS

The Role of Stem Cells in Wound Angiogenesis
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Significance: Revascularization plays a critical role in wound healing and is
regulated by a complex milieu of growth factors and cytokines. Deficiencies in
revascularization contribute to the development of chronic nonhealing
wounds.

Recent Advances: Stem-cell-based therapy provides a novel strategy to en-
hance angiogenesis and improve wound healing. With bioethical concerns
associated with embryonic stem cells, focus has shifted to different populations
of vascular precursors, isolated from adult somatic tissue. Three main popu-
lations have been identified: endothelial progenitor cells, mesenchymal stem
cells, and induced-pluripotent stem cells. These populations demonstrate great
promise to positively influence neovascularization and wound repair.

Critical Issues: Further studies to more definitively define each population are
necessary to efficiently translate stem-cell-based therapeutic angiogenesis to
the bedside. Better understanding of the physiologic pathways of how stem
cells contribute to angiogenesis in normal tissue repair will help identify
targets for successful therapeutic angiogenesis.

Future Directions: Active studies in both animal models and clinical trials are
being conducted to develop effective delivery routes, including dosing, route, and
timing. Stem-cell-based therapy holds significant potential as a strategy for
therapeutic angiogenesis in the care of patients with chronic nonhealing wounds.

SCOPE AND SIGNIFICANCE

NEOVASCULARIZATION PLAYS AN €S-
sential role in wound healing and is
regulated by a complex interaction
between several growth factors, che-
mokines, and different cell popula-
tions. Stem cells have been shown to
play an important role both through
direct differentiation and incorpora-
tion as mature endothelial cells, as
well as, a potent source of proangio-
genic growth factors that support
neovessel formation. With bioethical
concerns and limitations of embry-

onic stem cell (ES) research currently
in place, this review provides an
overview of three main populations
of endothelial progenitors derived
from adult tissue that demonstrate
potential in augmenting vasculo-
genesis in wound healing, including
endothelial progenitor cells (EPCs),
mesenchymal stem cell (MSCs), and
induced-pluripotent stem (iPS) cells.

TRANSLATIONAL RELEVANCE

Several groups have demon-
strated that these vascular progeni-
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tor cells are capable of differentiating to endothe-
lial cells, as well as the surrounding mesenchymal
support cells required for vascular stability. Ad-
ditionally, they have been shown to facilitate an-
giogenesis and improve wound healing through
potent paracrine signaling, with production of a
multitude of proangiogenic factors. Further re-
search is necessary to refine isolation protocols and
develop potential application modalities to bring
stem-cell-based therapeutic angiogenesis to the
bedside.

CLINICAL RELEVANCE

Each year, over $25 billion dollars in U.S.
healthcare is spent on chronic nonhealing wounds.
A neovascularization deficit has been demon-
strated in various disease states, such as diabetes
and peripheral vascular diseases, which contrib-
utes strongly to impaired wound healing. Stem-
cell-based therapy provides a novel strategy to
correct the angiogenic deficit by providing both
structural components and proangiogenic growth
factors.

BACKGROUND

Wound healing occurs in a highly coordinated
sequence of overlapping but distinct phases in re-
sponse to tissue injury: hemostasis, inflammation,
proliferation, and maturation. Each phase repre-
sents a complex milieu of growth factors, cytokines,
and different cell types resulting in coordinated cell
migration, proliferation, neovascularization, extra-
cellular matrix deposition, and maturation.! Dis-
ruption of this complex process can result in chronic
nonhealing wounds. The care of these chronic
wounds represents a significant healthcare bur-
den at $25 billion per year in the United States®
and chronic wounds are found in patients with
comorbidities, such as diabetes and peripheral
vascular diseases.? While the underlying patho-
genesis of these nonhealing wounds is a multi-
factorial process, impaired neovascularization has
been shown to be a common deficit in these path-
ologic wounds.

Neovascularization is necessary during all the
phases of wound healing in order to provide nu-
trient delivery to the multitude of cells that regu-
late wound healing. The formation of new blood
vessels occurs primarily through two independent
processes: angiogenesis and vasculogenesis. An-
giogenesis results from the sprouting of new
capillaries from existing vessels.®> This occurs
through endothelial cell activation, proliferation,

and migration to form new vessels.* Vasculogen-
esis describes de novo generation of vessels, a pro-
cess dependent on bone-marrow-derived and
circulating EPCs. In embryonic development, the
primary precursor cells are termed angioblasts and
hemangioblasts, which migrate, differentiate to
endothelial cells, and then coalesce to form the
vascular plexus and de novo vasculature. Postnatal
vasculogenesis is mediated by progenitors to endo-
thelial cells (Fig. 1). This rare cell population is be-
ing actively studied for both proangiogenic therapy
to improve tissue repair and antiangiogenic therapy
for cancer treatment. The premise of using stem
cells to accelerate angiogenesis has been an active
area of investigation. There is proof of concept for
this strategy that was reported by several groups a
decade ago, in which unprocessed bone marrow
mononuclear cells (MNCs) were placed into sites of
ischemia and demonstrated significant new blood
vessel formation.>® These data suggest that there
is a bone-marrow-derived cell that could directly
contribute to neovascularization. Along with EPCs,
various other populations of stem cells have been
identified as possible targets for therapeutic an-
giogenesis and tissue repair.

Stem cells are classically defined as cells that
have (1) the capacity to differentiate into spe-
cialized cell types and (2) the ability to self-renew,
by dividing while maintaining an undifferenti-
ated state. While ESs are pluripotent with an
intrinsic ability to differentiate into all three
germ layers, there are bioethical challenges in
human ES research, from the production of new
ES lines to the use of ES-based therapeutics in
clinical trials. This review focuses on adult stem
cells, which avoid the controversy of ESs and
are derived without the utilization of embryos.
Adult stem cells occur in smaller numbers and are
commonly lineage restricted. Despite these limi-
tations, adult stem cell research is an active field
of research. Three main populations of stem cells
have demonstrated potential in augmenting vas-
culogenesis in wound healing, including EPCs,
MSCs, and iPS cells.

EPCs: Defining the population

EPCs are rare population of adult stem cells lo-
cated within the stem cell niche of bone marrow. A
small population of these immature hematopoietic
endothelial cells is also found circulating in pe-
ripheral blood. First described in 1997 by Asahara
et al., EPCs have since been isolated using a het-
erogeneous array of markers.”® Several studies
have found significant heterogeneity among EPC
populations in in vitro cultures. At least three types
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Figure 1. Neovascularization during different stages of development. In embryonic development, the primary precursor cells are termed angioblasts and
hemangioblasts that migrate, differentiate to endothelial cells, and then coalesce to form the vascular plexus and de novovasculature. In the postnatal setting, the
formation of new blood vessels occurs primarily through two independent processes: angiogenesis and vasculogenesis. Angiogenesis results from the sprouting
of new capillaries from existing vessels. This occurs through endothelial cell (EC) activation, proliferation, and migration to form new vessels that are then
stabilized by pericytes. Vasculogenesis describes de novo generation of vessels, a process dependent on bone-marrow-derived and circulating endothelial
progenitor cells (EPCs), which differentiate to endothelial cells and result in formation of new vessels. The differentiated endothelial cells also participate in re-
endothelialization and vessel repair. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/wound

of EPCs have been described. Peripheral blood
mononuclear cells contain cells termed “early
EPCs” that share some endothelial but also mono-
cytic characteristics and a restricted capacity for
expansion.” Recent studies have also shown the
existence of a more promising population that
originates from BM, circulates in peripheral blood,
and whose morphology and proliferation pattern
differs from the EPCs reported by Asahara et al.
So-called endothelial outgrowth cells appear after
2 to 3 weeks of culture, rapidly replicate from
multiple cells, and form into monolayers with a
cobblestone-like morphology and a high prolifera-
tion capacity.'®!! Current data suggest that this
population of outgrowing cells is a subset of true

EPCs deriving from BM that exhibit the potential
for vascular repair after injury. More recently,
Jung et al. also isolated and cultured two types of
outgrowing cells obtained from the peripheral
blood of patients with acute stroke, which were
named endothelial or neuronal outgrowth cells,
according to their morphological characteristics
and protein or gene expression profiles.!® Both
types of outgrowing cells maintained their pro-
liferative capacities during a culture period of
3 months. Although numerous reports have de-
scribed the clinical significance of circulating
EPCs, there are few data that support their stem or
progenitor status, namely, the ability to give rise to
proliferating, functional endothelial cells such as
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outgrowing cells. EPCs have the ability to differ-
entiate into endothelial cells. These cells are highly
plastic and, depending on the microenvironment
and presence of other cells, they can transdiffer-
entiate and/or undergo cell fusion and become cells
of different lineage, including cardiomyocytes, he-
patocytes, and neurons, depending on the micro-
environmental cues. EPCs have been shown to
contribute to neovascularization in several models
of tissue repair, including wound healing, reti-
nopathy, myocardial ischemia, and peripheral
vascular diseases. EPCs have also been suggested
to play a critical role in tumor growth and metas-
tasis (reviewed by Urbich and Dimmeler!?).

No specific surface marker to definitively define
the population has been identified.!? Currently,
EPCs are being studied as part of cell populations
isolated expressing a combination of hematopoietic
lineage stem cell markers and markers of endo-
thelial commitment. Similar to any other popula-
tion of stem cells, the markers for EPCs continue to
evolve. Multiple markers are used to define the
population. The most common markers are CD34,
FLK-1, CD133, and sca-1 along with functional
assays, including their morphology and the ability
to form colonies.'®!* Markers such as CD31, von
Willebrand factor, and VE-cadherin that identify
cells in a more advanced stage of endothelial mat-
uration are also being used to identify the endo-
thelial commitment.'®

EPCs in wound healing

The vulnerary effects of EPCs are guided by
signals initiated by endogenous stimuli, such as
peripheral tissue hypoxia in wound healing.
Wounding results in activation of the EPC cascade
that includes (1) mobilization, (2) homing, (3) in-
vasion, and (4) recruitment to the wound. The ef-
fect of EPCs on enhancing neovascularization is
facilitated by differentiation into mature endothe-
lial cells or paracrine signaling that enhances an-
giogenesis.

EPCs reside within the bone marrow niche and
are subjected to low oxygen tension and high lev-
els of stromal cell derived factor-1 (SDF-1). Per-
ipheral tissue hypoxia following tissue trauma is a
critical stimulus for tissue repair and is mediated
by hypoxia inducible factor-1 alpha (HIF-10).16-18
Local hypoxia and increase in HIF-1a results in
increased concentrations of EPC mobilizing fac-
tors, including vascular endothelial growth factor
(VEGF), granulocyte-macrophage colony stimulat-
ing factor (GM-CSF), basic fibroblast growth factor
(bFGF), placental growth factor, erythropoietin, and
SDF-1. This results in an upregulation of protein-

ases, such as matrix metalloproteinase-9 (MMP-9),
which facilitates the release of the chemokine stem
cell factor (SCF; soluble kit ligand).*®'® This MMP-
9-mediated increase in SCF results in mobilization
of EPCs.

EPCs home toward the wound, following the
gradient of cytokines and chemokines, such as
VEGF and SDF-1.% Increased levels of VEGF in the
wound, either as a direct consequence of wounding
or as following exogenous delivery using VEGF-
load pellets or Matrigel plug, result in increased
recruitment of EPCs, with increased neovessel
formation. Similarly, the interaction between in-
creased SDF-1 expression present in hypoxic tissue
and the highly expressed chemokine receptor
CXCR-4 has been suggested to be a critical mediator
in recruiting circulating EPCs.

Once activated and recruited to the wound bed,
EPCs migrate through the blood vessel basement
membrane to the interstitial extracellular matrix
through an integrin-mediated process.?’ The ad-
hesion of EPCs in peripheral blood to activated
endothelial sites in the wound bed is mediated
primarily through the f2-integrin subunit.?%23

Lastly, once the EPCs have arrived in the in-
jured tissue, there is a recently reported novel
strategy to maintain their levels in the tissue.
Krishnamurthy et al. have used interleukin-10 to
attenuate the inflammatory wound response,
which results in increased number of EPCs that
remain in the wound and enhanced neovascular-
ization.?* This strategy to regulate inflammation in
wounds may be an adjunct to other mechanisms
employed to increase the number of EPCs and en-
hance their function.

Clinical pathology resulting
from EPC deficiency

Although the population is rare and accounts for
only about 0.0001% of total MNCs of peripheral
blood in human adults,?®> EPCs appear to have
great clinical significance, likely in maintaining
endothelial integrity and facilitating successful
neovascularization following injury.?® EPC dys-
function or deficiency has been implicated in mul-
tiple vascular pathologies, including peripheral
ischemia, myocardial ischemia following myocar-
dial infarction, and diabetes. Multiple comorbid-
ities and risk factors associated with impaired or
delayed wound healing have demonstrated EPC
deficiencies.'® For example, smoking has been
associated with reduced numbers of circulating
EPCs; hypertension is associated with delayed
wound healing, which is associated with impaired
migration of EPCs; and diabetes has been associ-
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ated with reduced EPCs and impaired potential
to augment angiogenesis.'®27-3°

Therapeutic potential of EPCs

While translation of EPCs specifically to cuta-
neous wound healing in clinical studies is pend-
ing, studies in other models of tissue repair have
demonstrated promising improvement following
transplantation of EPCs.?32 In patients with pe-
ripheral arterial disease resulting in lower ex-
tremity ischemia, transplantation of bone marrow
MNCs into the gastrocnemius compared with
transplantation of peripheral blood MNCs resulted
in clinical improvement with decreased rest pain,
and increased pain-free walk time with improved
ankle-brachial index and improved transcutane-
ous oxygen pressure.’ In patients with re-perfused
acute myocardial infarction, transplantation of
autologous EPCs via an intracoronary infusion
resulted in improved left ventricular ejection frac-
tion, reduced pathologic remodeling, and increased
myocardial viability in the infarct zone.?® In this
study, improvements were noted with both bone-
marrow- and peripheral-blood-derived EPCs.?3
Strauer et al. demonstrated similar improvements
in acute myocardial infarction patients with im-
proved stroke volume, contractility, decrease in

EPC
mobilizing
factors

Growth factors

EPC
mobilization

!
1
4
Bone

marrow

Circulation

infarct region size, and perfusion of the infarction
area 3 months following transplant of autologous
bone marrow to the affected coronary.?*

Novel strategies beyond autologous transplan-
tation may lie in augmenting EPC recruitment
(Fig. 2). We have shown that the injection of SCF is
sufficient to mobilize stem cells after pneumonec-
tomy (unpublished data). Another recent study by
our group in a murine wounding model has sug-
gested that intravenous injection of SCF results in
increased EPC numbers in peripheral blood as well
as within the wound bed (unpublished data).
However, there was also an associated increase
in inflammatory response in the wound bed. SCF-
induced EPC recruitment in conjunction with the
addition of anti-inflammatory mediators, such as
interleukin-10, may prove to be a viable thera-
peutic strategy. Localized increase of VEGF
through implantation of VEGF pellets or VEGF-
loaded Matrigel plugs is capable of stimulating
neovascularization with a large contribution from
EPCs. Galiano et al. demonstrated that topical
VEGF can improve diabetic wound healing by lo-
cally upregulating growth factors, such as PDGF-B
and FGF, that are important for tissue repair and
by systemically mobilizing and recruiting bone-
marrow-derived EPCs to the local wound environ-

Growth factors

Ischemic vascular
injury zone

Figure 2. Novel strategies beyond autologous transplantation may lie in augmenting EPC recruitment. Injection of EPC mobilizing factors, such as stem cell
factor (SCF) or granulocyte colony stimulation factors, can increase mobilization of stem cells from bone marrow. Growth factor supplementation to modify EPC
adhesion can also increase EPC-mediated neovascularization. Additionally, localized increase of growth factors such as VEGF, through implantation of VEGF
pellets or VEGF-loaded matrigel plugs, is capable of stimulating neovascularization with a large contribution from EPCs. VEGF, vascular endothelial growth
factor. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/wound
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ment where they are able to accelerate repair.®®
Additionally, efforts to encode EPCs with VEGF
through gene transfer®®3” have also demonstrated
increased revascularization in a hind limb ische-
mia model, compared with nontransduced EPC
injection. Modification of EPC adhesion also rep-
resents an alternative therapeutic strategy.>® Ex-
posure of human EPCs to simvastatin has been
shown to upregulate integrins o5/, and o, f5, both
known to play a role in angiogenesis. In a rat model
of balloon-injury-induced arterial injury, these
simvastatin-treated EPCs demonstrated increased
incorporation of endothelial cells.®® These alter-
native strategies represent different avenues of
study that may be combined to maximize the
therapeutic potential of EPC-mediated neovascu-
larization in wound healing.?®

Autologous EPCs have recently been used in
tissue-engineered vascular grafts. Grafts seeded
with autologous CD34" cells from canine bone
marrow and then implanted into the aorta were
found to have increased surface endothelialization
and vascularization compared with controls.*® Ex-
vivo-expanded autologous EPC—seeded decellular-
ized porcine iliac vessel grafts remained patent for
130 days as a carotid interposition graft in sheep,
compared with nonseeded grafts that occluded
within 15 days.*!

Although the role of EPCs in neovascularization
has been convincingly shown by several groups, a
major therapeutic limitation lies in the large vari-
ation in findings between groups. For example, the
rate of incorporation of EPCs into newly formed
vessels has a wide range. The basal incorporation
rate of progenitor cells without tissue injury is ex-
tremely low.*? In ischemic tissue, the incorporation
rate of genetically labeled bone-marrow-derived
cells, which coexpress endothelial marker proteins,
differs from 0% to 90% incorporation.'®**~** Like-
wise, the extent of incorporation of bone-marrow-
derived cells in cerebral vessels after stroke
varies in the literature. Two studies reported pos-
itive vessels with an average of 34% endothelial-
marker-expressing, bone-marrow-derived cells*’;
other groups could not detect endothelial-marker-
expressing cells.*® High amounts (>50%) were
predominantly detected in models of tumor an-
giogenesis.*” Some studies only detected bone-
marrow-derived cells adjacent to vessels, which do
not express endothelial marker proteins.*®*° While
part of this phenotypic heterogeneity likely lies in
differences in the tissue and microenvironment of
the wound (intensity of injury or ischemia), the
field is challenged with the absence of standardized
isolation protocols and definitive surface markers.

Future research to better define the population is
needed to move forward with therapeutic inter-
ventions.

MSCs: Defining the population

MSCs are multipotent nonhematopoietic stro-
mal cells capable of self-renewal. They have been
isolated from bone marrow, as well as various other
tissues, including adipose, gingiva, muscles, and
the umbilical cord. Depending on the microenvi-
ronment, MSCs have been differentiated to various
cell types, including bone, cartilage, muscle, fat,
and endothelium®® (Fig. 3). Residing in perivas-
cular locations, MSCs are thought to represent a
subpopulation of pericytes, resident tissue cells
that act as support cells for blood vessels and help
to stabilize the endothelial network. While EPCs
facilitate angiogenesis both by direct differentia-
tion to endothelial cells and through paracrine ac-
tions, MSCs typically facilitate revascularization
through differentiation into pericytes and para-
crine secretion of growth factors. Recent studies
have demonstrated the ability to differentiate
MSCs to myofibroblasts, pericytes, as well as en-
dothelial cells®; the clinical relevance of this
in vitro differentiation remains unknown. MSCs
readily respond to injury and inflammation fol-
lowing wounding. In particular, localized hypoxia
mediates a favorable MSC response with enhanced
self-renewal and increased release of proangio-
genic factors, such as VEGF, bFGF, and angio-
poietin (Ang-1). Additionally, MSCs contribute
to wound healing by cellular differentiation for
structural repair of wounds and immune regula-
tion by reducing T cell proliferation.

Therapeutic potential of MSCs

MSCs have been demonstrated to enhance tis-
sue repair in multiple models of injury, including
skin, kidney, myocardium, lung, and brain. Di-
verse pathologies, such as cutaneous wounds,
chronic renal failure,? acute kidney injury,® renal
fibrosis,?* acute myocardial infarction,>® asthma,>®
and brain ischemia,® demonstrated enhanced
healing with attenuation of inflammation response
and improved revascularization.

Multiple strategies are being explored in order
to augment wound repair through application of
MSCs. MSC transplantation results in relatively
low rate of differentiation and engraftment as
structural components, leading to theory that the
vulnerary effects of MSCs are facilitated primarily
through paracrine effects. This theory is supported
by data in which MSC-conditioned media was ad-
ministered to deep-burn wounds in rats and exci-
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Figure 3. The mesengenic process. The three criteria accepted regarding mesenchymal stem cell (MSC) isolation from bone marrow are as follows: these
cells adhere to plastic, they form fibroblast-like colonies, and they have the potential to differentiate into multiple lineages, including bone, muscle, or adipose
tissue, depending on the stimuli to which they are exposed to in vitro. MSCs can expand for more than 50 passages and form fibroblast-like colonies that
increase in number with more passages as more cell contaminants are selected out. To see this illustration in color, the reader is referred to the web version of

this article at www.liebertpub.com/wound

sional wounds in mice. MSC-conditioned media
enhanced wound healing and re-epithelialization
with increased revascularization, granulation tis-
sue formation, and decreased inflammatory cell
infiltration.?® Intravenous injection of MSCs iso-
lated from GFP transgenic mice to cutaneous
wounds in control mice demonstrated that MSCs
facilitate rapid wound repair and are capable of
differentiating into keratinocytes, endothelial cells,
and pericytes.®® Development of MSCs as cell sheets
has demonstrated improved healing when applied
topically to full-thickness murine wounds.%° More
recently, the interactions between MSCs and EPCs
have been studied. Rouwkema et al. demonstrated

that coculture provoked angiogenic differentiation
and tubulogenesis in cases were BM-EPCs were
mature enough, but not in early BM-EPCs, con-
cluding that the maturation stage of BM-EPCs was
of critical importance in the final outcome of the
coculture.®! Cotransplantation of MSCs and EPCs
has been demonstrated to significantly improve
diabetic wound healing®® and improve healing of
complex bone defects.®

Clinical translation of the therapeutic use of
MSCs in wound healing has continued with
promising results. Various delivery methods
are actively being explored in order to augment
healing in both acute and chronic wounds. Auto-
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Figure 4. While embryonic stem cells (ESs) are pluripotent with an intrinsic ability to differentiate into all three germ layers, there are bioethical challenges in
human ES research, from the production of new ES lines to the use of ES-based therapeutics in clinical trials. Induced pluripotent stem cells have a similar
ability to differentiate into all three germ layers; however, these are generated from adult somatic cells, enabling clinical translation of these cells.
Differentiated adult cells, such as fibroblasts, can be reprogrammed to pluripotent states through exposure to a defined set of transcription factors, including
octamer 3/4 (Oct3), sex-determining region Y-box (Sox2), Kruppel-like factor 4 (KIf4), and v-Myc myelocytomatosis viral oncogene homolog (c-Myc), using
retroviral vectors or nonviral techniques. ESCs, embryonic stem cells; iPSCs, induced-pluripotent stem cells. To see this illustration in color, the reader is

referred to the web version of this article at www.liebertpub.com/wound

logous transplantation of MSCs delivered using a
fibrin spray to acute surgical wounds as well as
chronic nonhealing wounds of lower extremities
demonstrated accelerated wound closure in a
dose-dependent fashion.?® Similarly, use of a col-
lagen scaffold seeded with allogeneic nondiabetic
MSCs to nonhealing diabetic foot ulcers resulted
in increased angiogenesis and improved wound
closure.’* An additional potential therapeutic
method by which MSCs can be used to promote
neovascularization is to isolate the cells from a
patient, expand them on a large scale, and then
bank them for when needed for autologous trans-
plant. These MSCs can be modified by gene ma-

nipulation techniques to support angiogenesis or
other vulnerary functions.

Future directions that will further broaden
therapeutic applicability will include the incorpo-
ration of MSCs into skin substitutes to augment
healing with both paracrine signaling and effector
cells, such as fibroblasts and keratinocytes.

The therapeutic potential of MSCs is incredi-
bly promising with advantages including avoiding
bioethical concerns associated with ESs, as well as
the ability to avoid immunogenicity when isolated
from the patient, differentiated to the desired cell
type, and re-implanted. Also, unlike the relatively
rare population of EPCs, MSCs can be obtained
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in large quantities with low risk to patients
from multiple somatic tissue sources.
MSCs demonstrate a large range of phe-
notypic heterogeneity, which may in large
part be due to the lack of standardized
isolation protocols. MSCs are harvested
from multiple tissue sources through a va-
riety of techniques. Further studies are
necessary to determine whether the MSCs
isolated from these different sources are
truly comparable populations, or whether
they need to be further subdivided and
categorized. While a true limitation, this
possible subclassification of MSCs may also
potentially yield new therapeutic applica-
tions for a more homogenous population of
cells.

Induced pluripotent stem cells:
Defining the population

In 2006, Takahashi et al.®® developed
iPS cells from postnatal somatic cells that
are reprogrammed with ES-like charac-
teristics. They are generated through
exposure to a defined set of transcription
factors using a retroviral vector, includ-
ing octamer 3/4 (Oct3), sex-determining
region Y-box (Sox2), Kruppel-like factor 4
(Kl1f4), and v-Myc myelocytomatosis viral
oncogene homolog (c-Myc) (Fig. 4). Using
this strategy, differentiated cells, such as
fibroblasts, have been reprogrammed to
pluripotent states. iPS cell technology
can be used to model human disorders;
create cell-based models of human dis-

eases, including neurodegenerative dis-
66,

eases ; and in drug discovery and establishing

TAKE HOME MESSAGES

Basic science advances
e Three main populations of endothelial progenitors derived from adult
tissue demonstrate potential in augmenting vasculogenesis in wound
healing, including EPCs, MSCs, and iPS cells.

e The effect of endothelial progenitors on enhancing neovascularization is
facilitated by differentiation into mature endothelial cells or paracrine
signaling that enhances angiogenesis.

e Further studies are ongoing to more definitively define each population
and to understand the heterogeneity within each group.

Clinical science advance
e Clinical trials utilizing EPC transplantation have demonstrated promising
improvement in neovascularization and tissue function in several models
of tissue repair. Because these trials are primarily therapeutic innova-
tions, they do not provide mechanistic information of how EPCs promote
wound healing.

e There is a need to develop /n vitro culture methods and assays to
positively predict the effects of endothelial progenitors in vivo.

Relevance to clinical care
e Endothelial progenitors derived from adult tissue retain the pluripotency
while eliminating the bioethical concerns and limitations of ES research
currently in place.

e Major advantages of stem-based cellular therapy are as follows:

1. Cells can be isolated from a patient, expanded on a large scale, and
then banked for future autologous transplantation.

2. These cells can also be genetically and epigenetically modified to
overexpress vulnerary transgenes that can potentially augment the
wound milieu and promote therapeutic angiogenesis and wound healing.

3. There are diverse possibilities for the future of this research, including
direct autologous application of cells to a site of impaired neo-
vascularization or novel strategies such as implantation of artificial
grafts with pluripotent cells to augment reperfusion.

while achieving what appears to be similar plur-

therapeutic strategies. iPS cells have been shown
to differentiate to cardiac muscle, vascular smooth
muscle, and pericytes. Although this field contin-
ues to be in its infancy, Niwa et al. have demon-
strated that murine iPS cells generated from
fibroblasts were able to differentiate into hemato-
poietic stem cells and endothelial cells through
coculture with OP9 stromal cells.?!

The therapeutic potential of iPS cells is prom-
ising for a multitude of disease processes, includ-
ing augmentation of revascularization during
wound healing.® Therapeutic iPS cells would per-
mit isolation of differentiated cells from a patient,
reprogramming to a pluripotent state, followed
by differentiation to the desired cell types for re-
implantation. As autologous tissue, this strategy
avoids issues of immunogenicity. Additionally,
bioethical concerns for use of ESs are avoided,

ipotency of ESs. As the field continues to advance,
techniques to refine and increase the frequency of
progenitor cell development are needed. Specifi-
cally for vascular regeneration, improved selec-
tion markers and optimized protocols will be
needed to drive cells to an endothelial lineage.?!
Similarly, before iPS cells progress to human tri-
als, several issues will need to be addressed. This
includes the need for viral vectors to reprogram
the somatic cells, which incurs the potential for
insertional mutagenesis with vectors such as ret-
rovirus and lentiviruses. This may potentially be
overcome by the use of adenoviral vectors and
plasmids to manipulate cells. Additionally, sev-
eral nonviral-mediated methods of reprogram-
ming cells are underway. An additional issue that
must be addressed is the relative inefficiency in
the reprogramming process with the current time
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course taking 3 to 4 weeks that also yields a rel-
atively low number of cells. As our understand-
ing of the intricacies of reprogramming cells
increases, the process will become more efficient.
Lastly, one major potential issue is that the iso-
lation of these cells from individual patients
with chronic diseases may yield iPS cells predis-
posed to the pathologic defect that may not be as
effective in therapeutic potential. Despite these
concerns, iPS cells have the potential to have a
large therapeutic impact in a variety of pathologic
conditions.

FUTURE DIRECTIONS

There have been significant scientific advances
in the field of stem-cell-based therapies for neo-
vascularization. Further studies are required to
more definitively define each population and to
understand the heterogeneity within each
group.’” Enhanced knowledge of the physiologic
pathways of how stem cells contribute to angio-
genesis in normal tissue repair will help identify
targets for successful therapeutic angiogene-
sis.%8%? Direct autologous application of cells to a
site of impaired neovascularization or novel strat-
egies such as implantation of artificial grafts with
pluripotent cells to augment reperfusion can pro-
mote neovascularization in impaired tissue. As
our understanding of EPCs, MSCs, and iPS cells
evolves, specific clinical indications will become
apparent for each cell type.
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